The nanoindentation-induced amorphization in SiC is studied using molecular dynamics simulations. The load-displacement response shows an elastic shoulder followed by a plastic regime consisting of a series of load drops. Analyses of bond angles, local pressure, and shear stress, and shortest-path rings show that these drops are related to dislocation activities under the indenter. We show that amorphization is driven by coalescence of dislocation loops and that there is a strong correlation between load-displacement response and ring distribution. Nanoindentation is a powerful and widely used technique to access the mechanical properties of materials.
The nanoindentation-induced amorphization in SiC is studied using molecular dynamics simulations. The load-displacement response shows an elastic shoulder followed by a plastic regime consisting of a series of load drops. Analyses of bond angles, local pressure, and shear stress, and shortest-path rings show that these drops are related to dislocation activities under the indenter. We show that amorphization is driven by coalescence of dislocation loops and that there is a strong correlation between load-displacement response and ring distribution. Silicon carbide ͑SiC͒ is a material of great scientific and technological interest 1 for the fabrication of electronic and optoelectronic devices. Among many crystal structures of SiC the most common is the cubic (zinc-blende) polytype denoted as 3C -SiC.
Nanoindentation is a powerful and widely used technique to access the mechanical properties of materials. [2] [3] [4] [5] [6] There has been a large number of experimental 7 and computational 8 studies of the indentation-induced crystalline to amorphous ͑c → a͒ transformation. It has been suggested that the nanoindentation load-displacement ͑P -h͒ response is correlated with the subsurface defect nucleation, [9] [10] [11] [12] and experimental evidence was provided 13 that dislocation activity leads to amorphization during indentation of silicon. However, the microscopic mechanism of amorphization is not known. The c → a transformation is initiated on the atomic scale and the need for its atomic-level description is critical. Atomistic simulations based on molecular dynamics 14 (MD) provide trajectories of all the atoms and have been already employed in nanoindentation studies 12, [15] [16] [17] to bring atomistic insight into the mechanisms of defect nucleation at the initial stages of plastic activity. Therefore MD simulations are expected to shed light on the atomistic pathway to amorphization via nanoindentation.
In this letter we study by means of MD the atomic-scale mechanisms governing the indentation-induced amorphization of 3C -SiC. At a small displacement a reversible pop-in behavior in the P -h curve is observed, indicating a remarkable elastic recovery of 3C -SiC. This is followed by the plastic regime, in which we observe a series of load drops, which are related to subsurface dislocation activities. We characterize these structural deformations in terms of bond angles, local shear stress and pressure, spatial distribution of atoms, and shortest-path-ring distribution. We demonstrate how the ring analysis can be effectively employed to study nanoindentation damage. Simulation results reveal that the defect stimulated growth and coalescence of dislocation loops play an important role in indentation-induced amorphization.
The potential used in our study is a combination of twoand three-body interaction terms, which include steric repulsion, van der Waals interaction, electronic polarizability, charge transfer, and covalent bondings effects. Calculated lattice constant, melting temperature, and elastic constants are in good agreement with experiments. This potential was used earlier to predict a new mechanism for a reversible zinc-blende to rocksalt transformation of SiC under pressure. 18 The simulated system consists of 994 000 atoms in a 308.3ϫ 309.5ϫ 107.9 Å 3 crystal in the x, y, and z directions, corresponding to the ͓110͔, [001], and [110] crystallographic directions, respectively. Periodic boundary conditions are applied in the x and y directions, whereas z is the indent direction. The SiC indenter is rigid and it has a flat square base of dimensions 30.8ϫ 30.5 Å 2 and a height of ϳ60 Å. The interaction between the atoms of the indenter and the substrate is purely repulsive. The indenter is inserted up to ϳ10% of the substrate thickness at a rate of 100 m / s. Each 0.5 Å depth increment is followed by a holding phase of ϳ17.6 ps to allow the decay of transient forces.
The calculated load-displacement ͑P -h͒ curve is shown in Fig. 1(a) . A characteristic feature of this curve is a series of sudden load drops, of which the first one occurs at h = 2.83 Å and all the other are equally spaced by ϳ3 Å. The drops of the load correspond to breaking of subsequent atomic layers of the underlying substrate, which in the z direction are separated by 3.08 Å. The P -h curve also exhibits a shoulder at h = 0.83 Å. An insight into the nature of this shoulder as well as of the first load drop is brought by performing two unloading simulations [see Fig. 1 APPLIED PHYSICS LETTERS VOLUME 85, NUMBER 3h = 1.8 Å (squares) and (2) h = 2.33 Å (circles). Because the first unloading curve retraces exactly the loading path (closed diamonds), we confirm the elastic character of the shoulder at h = 0.83 Å. The second unloading curve does not follow the loading path, which indicates the onset of plastic deformation at h = 2.33 Å. Correspondingly, the yield strength of the crystal equals ϳ77 GPa. We analyze the relation between the P -h response and the structural changes in the substrate at every point along the P -h curve. Figures 2(a) and 2(b) show the side view of the atomic species under the indenter at h = 2.33 Å and h = 2.83 Å, respectively. As shown in the region marked by a yellow rectangle, pushing the indenter into the solid down to the depth of h = 2.33 Å results in bending of atomic layers. This process continues until finally the load becomes critical causing the atomic layers to slip at h = 2.83 Å [ Fig. 2(b) ]. The slip of atomic planes is repeated at h = 5.83, 8.83, and 11.33 Å, that is every time the load in Fig. 1 significantly drops.
We also characterize the P -h response by distribution of the local shear stress. As shown in Fig. 2(c) for h = 2.33 Å, before the slip there is a high concentration of shear stress in the region of interest, whereas after the slip [ Fig. 2(d) ] a considerable amount of the shear stress is released. Similar behavior is observed at higher indentation depths, however due to the presence of more complex deformation structures (merging of dislocation loops) the relaxation of shear stress is not as dramatic. This also explains why in Fig. 1 the drops of the load at large h are smaller than at h = 2.33 Å Structural defects are further analyzed by calculating C-Si-C and Si-C-Si bond angle distribution in the selected region under the indenter (12-17 Å below the initial surface). In the zinc-blende crystal both of these distributions exhibit a sharp peak at ϳ109°due to the perfect tetrahedral arrangements of atoms. The distributions are significantly broadened in the amorphous phase, a-SiC. In our simulation, bringing the indenter closer to the substrate results in distortion of the tetrahedral arrangements of atoms and in splitting of the single peak in bond angle distribution [see Fig. 2(e) ]. Remarkably, after the slip of atomic layers has taken place, the single peak structure in the bond angle distribution is restored [ Fig. 2(f) ]. Even though a similar behavior is observed at higher indentation depths, in those cases the distribution is noticeably broadened. This is once again due to a more complex subsurface deformation structure and thus only partial relaxation of accumulated shear stress.
The correlation between the drops in the P -h response and the subsurface deformations is further investigated by means of the shortest-path ring distribution. In a zinc-blende crystal the occurrence of structural deformations is marked by the presence of non-threefold rings. 19 We find that down to the depth of h = 0.33 Å there are only threefold rings in the substrate. The small amount of non-threefold rings that appears at the shoulder at h = 0.83 Å disappears upon unloading, which confirms the elastic character of the shoulder. Irreversible non-threefold rings occur at h = 2.33 Å, that is at the onset of plastic deformation. At h = 2.83 Å, where both the atomic layers slip [ Fig. 2(b) ] and the load drop (Fig. 1) take place, we observe an outburst of dislocations and dislocation loops emitted from the corners of the indenter and disconnected from one another. During the further lowering of the indenter the dislocation loops slowly grow on the {111} planes, which are the glide planes in the zinc-blende crystal. In fact, every time the load drops in the P -h response, such outburst of non-threefold rings takes place. For h = 5.83 Å and larger, these dislocation loops start to coalesce. At h = 8.83 Å there is a dislocation loop that appears on the ͑2 2 1͒ plane. Lowering the indenter further causes this loop to grow until at h = 11.33 Å it coalesces with newly emitted deformations and forms a new loop on the ͑4 12 1͒ plane (see Fig. 3 ).
Our analysis suggests that the coalescence of the dislocation loops is responsible for the broadening of bond angle and a decrease of the magnitude of shear stress released at h = 5.83 Å as compared to h = 2.83 Å. In Fig. 4(a) the bond angle distribution at h = 11.33 Å is compared with that of a melt-quenched amorphous system. The two curves are very similar, showing a wide bond angle distribution from 70°to 160°. This is a clear indication that the material beneath the indenter became amorphous. In Fig. 4(b) we plot the radial distribution function before and after indentation to show the transition from crystalline to amorphous structure. Evidently, there is a correlation between the load drops in the P -h response and the emission of dislocations identified by means of ring distribution. In order to quantify this correlation, in Fig. 5 we plot together the load on the indenter and the number, ␦N, of atoms with non-threefold rings as a function of h. In the calculation of ␦N we omit a linear term that is due to the atoms directly surrounding the indenter. Clearly, every time when the load drops, there is an increase in the number of non-threefold rings (the vertical dashed lines are added for emphasis). Ring analysis thus proves to be a powerful technique to study the nanoindentation damage.
In summary, we performed MD simulations to study the atomic-level mechanisms controlling the nanoindentationinduced amorphization in SiC. In the elastic regime the calculated P -h curve exhibits a shoulder, which is fully reversible upon unloading. In the plastic regime the P -h curve is characterized by a series of load drops and their relation to the subsurface crystalline structure and dislocation dynamics has been shown. This relation has been analyzed by means of bond angles, local shear stress, local pressure, and spatial rearrangements of atoms. We have demonstrated how the shortest-path-ring analysis can be effectively employed to study the evolution of indentation damage and defect accumulation beneath the indenter. These structural analyses reveal that the defect stimulated growth and dynamics of dislocation loops are responsible for the c → a transition.
